␦͑ ,0͒ bands with =0-3, the ⑀͑ ,0͒ bands with =0-3, the ␤͑ ,0͒ bands with = 6,7,9-12,14, and the ␥͑3,0͒ band. For each band, the band oscillator strength is obtained from the sum of the line strengths of all rotational lines, and these are compared with other published values.
I. INTRODUCTION
In a series of papers over the last few years we have reported measurements of accurate line positions and intensities of various bands: the ␥ band ͓A 2 ⌺ + -X 2 ⌸ r ͔, the ␤ band ͓B 2 ⌸ r -X 2 ⌸ r ͔, the ␦ band ͓C 2 ⌸ r -X 2 ⌸ r ͔, and the ⑀ band ͓D 2 ⌺ + -X 2 ⌸ r ͔ of NO between 180 and 198 nm, measured in absorption with a vacuum-ultraviolet Fourier transform spectrometer. [1] [2] [3] [4] [5] [6] These measurements are needed for reliable modeling of the photodestruction of NO by solar radiation in the middle atmosphere. The absorption lines are narrow, and the necessity for high-resolution measurements to yield true cross sections has been discussed in our earlier papers. [1] [2] [3] To achieve the necessary resolution we combined vacuumultraviolet ͑vuv͒ Fourier transform spectrometry ͑FTS͒ with synchrotron radiation by taking the Imperial College ͑IC͒ vuv FT spectrometer to the synchrotron-radiation source at Photon Factory ͑PF͒, KEK, Japan, where a suitable zero dispersion two-grating predisperser is available on beamline 12-B. ͓The predisperser is necessary to limit the bandwidth to a few nanometers in order to achieve acceptable signal-tonoise ͑S/N͒ ratios.͔ We have used this combination of facilities to make ultrahigh-resolution cross-section measurements of NO in the wavelength region of 160-195 nm.
Our six earlier papers [1] [2] [3] [4] [5] [6] give line wave numbers, integrated cross sections, and band oscillator strengths for the ␦͑1,0͒, ⑀͑0,0͒, ⑀͑1,0͒, ␤͑6,0͒, ␤͑9,0͒, ␤͑11, 0͒, and ␥͑3,0͒
bands together with term values and molecular constants for the corresponding upper levels: C͑1͒, D͑0,1͒, B͑6,9,11͒, and A͑3͒. An additional paper 7 discussed the absolute wavenumber calibration of the FT spectra and made some small corrections ͑less than 0.1 cm −1 ͒ to the line positions and term values of some of the bands. Prior to the work at PF, we also made measurements by FTS of the ␦͑0,0͒ and ␤͑7,0͒ bands, using a hydrogen discharge source as the background continuum; 8 these yielded accurate line positions, together with term values for C͑0͒ and B͑7͒, but larger uncertainties in line intensities owing to low signal-to-noise ratio and uncertain column density measurements.
Herzberg et al.
NO, and presented the perturbed and unperturbed band origins, the rotational constants, and the band oscillator strengths for the ␦ and ␤ bands. Raoult 12 made a more complete study of the perturbation of 2 ⌸-2 ⌸ Rydberg-valance states by using generalized quantum-defect theory. Recently Braun et al. 13 observed the E 2 ⌺ + -C 2 ⌸ bands ͑⌬v =0͒ in emission with a high-resolution Fourier transform spectrometer in the infrared region and tabulated the term values of the A, D, E, and C states for v =0−2. Their values are compared with those from our previous papers in Ref. 7 .
The cross-section measurements of NO bands by Bethke 14 were performed at low resolution, 0.04 nm, in the presence of high-pressure Ar. The addition of the argon buffer gas ensured that the rotational lines were broadened beyond the instrumental resolution, allowing the true cross section to be presented. Guest and Lee 15 used a synchrotron source and resolution of 0.03 nm for the cross-section measurements at very low pressure of NO gas, 2 ϫ 10 −4 −7 ϫ 10 −2 Torr. Chan et al. 16 used the high-resolution dipole ͑e , e͒ technique, which is not sensitive to the instrumental resolution. Luque and Crosley 17 calculated the band oscillator strengths of the A-X and D-X systems. Very recently, Mayor et al. 18 calculated the integrated cross section of rotational line of the ␦͑0,0͒ band of NO with the molecular quantum-defect orbital methology, and they compared their results with our previous results. 8 In this paper we report the results of analysis of all the other bands observed with the synchrotron-FTS combination: ␦͑2,0͒, ␦͑3,0͒, ␤͑10, 0͒, ␤͑12, 0͒, ␤͑14, 0͒, ⑀͑2,0͒, and ⑀͑3,0͒, together with new measurements of ␦͑0,0͒ and ␤͑7,0͒. The uncertainty in the absolute wave numbers and term values is 0.03 cm −1 after calibration. 7 The band oscillator strengths have been determined from line-by-line measurements because the spectral resolution is comparable with the Doppler widths of the lines.
II. EXPERIMENT
Details of the experimental procedures for recording high-resolution FT spectra of NO between 160 and 198 nm have been described in our earlier publications. 1, 2 Only a brief description of the experimental conditions will be given here. The optical path length and the pressure of NO gas depend on the particular band. The column densities of NO in these experiments were 8.32ϫ 10 15 for the ⑀͑3,0͒ band, 2.10 ϫ 10 17 mol cm −2 for the ␤͑14, 0͒ band, and 2.22 ϫ 10 17 mol cm −2 for the ␤͑10, 0͒ band. The signal-to-noise ratios in the continuum background were 34 to 70 depending on the wave numbers.
The transmission spectra were converted to optical depth by taking the logarithms of the intensity and fitting a smooth continuum to the regions between the lines. The absorption lines were fitted to Voigt profiles using the spectral reduction routine GREMLIN . 19 Line parameters such as line position, linewidth, and integrated intensity of individual lines were determined through a nonlinear least-squares iterative procedure. The Voigt profile for the NO lines should be a convolution of a Gaussian due to the Doppler broadening and a Lorentzian arising from predissociation. In this case the Gaussian component of the best-fit Voigt function had a full width at half maximum ͑FWHM͒ of 0.175 cm −1 which is significantly larger than the value of 0.12 cm −1 expected for the Doppler width in our experimental conditions. This anomalous Gaussian width is considered to be due to drifts in alignment causing very small wave-number shifts over the long observation periods. 20 As discussed in the previous paper 7 on absolute wavenumber calibration, the FTS scaling factor can be treated as a constant shift over the limited wave-number range of a single band. A directly measured shift of +0.087 cm −1 has been applied to the ␤͑10, 0͒ band and a shift of +0.083 cm −1 ͑the mean value of all the directly measured shifts͒ to all the other bands. The uncertainty in the absolute wave numbers is 0.03 cm −1 , while the relative uncertainty is 0.01 cm −1 for the strongest lines.
As pointed out by Hudson and Carter, 21 most crosssection measurements for molecular bands with fine rotational structures are severely distorted by the instrumental bandwidths. Plots of optical depth versus column density are never linear unless the spectral features are very much broader than the instrumental widths. All measured cross sections are weighted averages over the instrumental widths, so that the measured peak cross sections of the lines are lower limits to the true values and the wing cross sections are the upper limits. On the other hand, the integrated cross sections are much less sensitive to the instrumental width, and for the lines of small optical depth ͑"optically thin" lines͒ they are independent of instrumental width. We discussed these effects in more detail in the Appendix of Stark et al. 22 In the present measurements we set the resolution of the FT spectrometer to 0.06 cm −1 , about half of the Doppler width, to avoid the effects of the instrumental function, since the ratio of measured to true integrated cross sections for a line of optical depth 1.5 should then be 0.98, within the experimental uncertainty. However, as explained above, the resolution is degraded to around 0.12 cm −1 by the alignment drift, and the effect on the integrated cross sections of the stronger lines becomes significant. We calculated the size of the effect for a Gaussian instrumental function of width 0.12 cm −1 , equal to the Doppler width. ͑The FTS sinc instrument function convolved with a rectangular shift function of appropriate width can be closely approximated by a Gaussian.͒ The ratio of measured to true cross section varies from 0.93 at a measured optical depth of 0.5 to 0.77 at a measured optical depth of 1.5. We have applied an optical path-dependent correction based on this calculation to each observed line.
III. RESULTS AND DISCUSSION

A. Line positions and term values
The ␦͑0,0͒ and ␤͑7,0͒ bands in the wavelength region of 190-192 nm were recorded in our earlier work with the FT spectrometer, 8 but we repeated the measurements of these bands for consistency of the series. We found complete agreement in line position measurements between the previous 8 and present work, with average differences of 0.001± 0.017 cm −1 , so we do not repeat the line positions and term values in this paper.
The absolute line wave numbers of the ␤ bands ͑10,0͒, ͑12,0͒, and ͑14,0͒; the ␦ bands ͑2,0͒ and ͑3,0͒; and the ⑀ bands ͑2,0͒ and ͑3,0͒ are presented in Table I . The ␤͑10, 0͒ band is observed in the wavelength region of 181. 5-182.7 nm, in the shoulder of the strong ␦͑1,0͒ band, and the line positions are given in Table Ia . The upper levels of the C͑1͒ and B͑10͒ levels are perturbed around J = 13, and the lines with J Ͼ 13 are the tails of the ␦͑1,0͒ band. However, the bands appear as two separate bands and are presented in this way. The high column density used in these measurements allowed us to assign ten additional weak lines belonging to the ␦͑1,0͒ band, 2 and these are also presented in Table Ia. The ␦͑2,0͒ and ␤͑12, 0͒ bands are observed in the wavelength region of 174.9-177.1 nm. Both bands appear with similar intensity, and their upper levels, C͑2͒ and B͑12͒, perturb each other strongly. The high J of the C͑2͒ level are also perturbed by the B͑13͒ levels. 23 A ⌳-type doubling is observed for the ␦͑2,0͒ band, except for the low J lines, but not for the ␤͑12, 0͒ band. These results are presented in Tables  Ib and Ic for Tables Id and Ib for the ⑀͑2,0͒ and ␤͑14, 0͒ bands, respectively. The ␦͑3,0͒
band is observed in the wavelength region of 168.8-169.6 nm and is presented in Table Ic . The upper level of the ␦͑3,0͒ band is perturbed strongly by the B͑15͒ level ͑not observed in these measurements͒. 23 The ⑀͑3,0͒ band is observed in the wavelength region of 166.3-167.2 nm and is presented in Table Id . We were able to extend the assignment of lines by comparison with Miescher, 24 and the band head areas of the P 11 and P 21 + Q 11 branches are reassigned.
The NO 2 ⌸ multistate interaction is a well-known perturbation that has been examined in detail. 11, 23 The B 2 ⌸ -C 2 ⌸ interaction is so strong that it is insufficient to consider only pairwise B͑12͒ 2 ⌸-C͑2͒ 2 ⌸ or B͑15͒ 2 ⌸-C͑3͒ 2 ⌸ vibrational level interaction. Every rotational level of the B -C complex is significantly mixed. A quantitative analysis of the observations in terms of the five electronic states
and Q 2 ⌸ was performed by Gallusser and Dressler. 11 The coupling is treated with a vibronic interaction matrix that includes the bound vibrational levels of these five states. Both components of the spin doublets and three different isotopes are included, and the calculated energies and B values of the perturbed vibronic levels are fitted to the experimental data in the determination of RKR potential curves and off-diagonal electronic energy. The results include predicted oscillator strengths for all the bands as well as detailed rotational structures for complex multistate interactions. In view of the comprehensive work performed by Gallusser and Dressler, 11 we could not undertake any leastsquares fitting with the few bands that we observed in this energy region. 25 by using high-resolution FT infrared spectroscopy were used, for which the ⍀ =1/2, J = 0.5, and e level was taken as the relative zero. The upper-state term values obtained from various branches were averaged only from isolated lines when possible, but the term values are followed by "B" if all branch lines are blended. The results are listed in Table IIa Table IIa for the B͑10, 0͒ levels also includes the C͑1͒ levels, most of which were published in an earlier paper, 2 because the relevant spectrum was taken at a much higher column density, allowing us to extend the measurements to weak high J lines of the ␦͑1,0͒ band. The term values for B͑10͒ and C͑1͒ are plotted against J͑J +1͒ in Fig. 1 . The two curves cross around J = 19.5, corresponding to J͑J +1͒ = 400, and the mixing of intensity is discussed in Sec. III B. The B͑12͒ levels ͑Table IIb͒ are perturbed strongly by the C͑2͒ level, and so it is not possible to present the molecular constants. Gallusser Table IIb , because the heterogeneous interaction with the D͑2͒ level occurs at high J beyond of our observation. The C͑3͒ levels are also strongly perturbed, and the molecular constants are not presented. The heterogeneous perturbation of the 2 ⌺ − 2 ⌸ states of NO was discussed by Jungen and Miescher. 26 Fitting for the molecular constants is limited to terms up to J = 15.5 and 20.5 for the D͑2͒ and D͑3͒ levels, respectively, because the high J levels are shifted by the heterogeneous perturbation of the B͑14͒ and B͑16͒ levels.
The term values reported by Braun et al. 13 for the v =2 levels can be compared with our C͑2͒ and D͑2͒ levels. therefore too low by amounts ranging from 2% to 20%. The correction described at the end of Sec. II has been applied to the cross sections of all rotational lines of all observed bands, including those previously published. The results are presented in Table III . The integrated cross sections of blended lines, followed by "b" in Table III , have been obtained by using branching ratios observed for other transitions together with the Boltzmann population distribution. The values listed in these tables can be divided by the fractional populations of the rotational levels to obtain values proportional to the line oscillator strengths.
The integrated cross sections of the the ␦͑0,0͒ and ␤͑7,0͒ bands are given in Table IIIa . These values supersede our earlier values, 8 because of the better experimental conditions and higher signal-to-noise ratios. The upper levels of both bands are homogeneously perturbed at very low J, and the branch lines with the F 2 Ј level of the ␤͑7,0͒ band appear stronger than those with the F 1 Ј level because of the stronger interaction for the F 2 Ј level.
The results for the ␦͑1,0͒ and ␤͑10, 0͒ bands are presented in Table IIIb . The intensities are affected by the interaction between the upper levels C͑1͒ and B͑10͒, as shown by the plot of the term values in Fig. 1 . The two lower curves ͓the F 1 and F 2 components of the C͑1͒ level͔ are taken from our previous report 2 and the two upper curves ͓the F 1 and F 2 components of the B͑10͒ level͔ from the present work. The rotational levels of B͑10͒ with J ജ 13 belong really to the extension of the C͑1͒ level. Therefore the intensities of lines with J ജ 13 should be treated as belonging to the ␦͑1,0͒
band.
The integrated cross sections of the ␤͑6,0͒, ␤͑9,0͒, ␤͑11, 0͒, ␤͑12, 0͒, and ␤͑14, 0͒ bands are presented in Table  IIIc . The B͑12͒ level, the upper level of the ␤͑12, 0͒ band, is homogeneously perturbed by the C͑2͒ level, the upper level of the ␦͑2,0͒ band. The bands appear separately as two independent bands, but their separation comes from the strong interaction. The ␤͑12, 0͒ band appears ten times stronger than the other ␤ bands because of the enhancement of its intensity from the ␦͑2,0͒ band.
The integrated cross sections of the ⑀͑v ,0͒ bands with v =0−3 are presented in Table IIId . The results for the ⑀͑0,0͒ and ⑀͑1,0͒ bands supersede our earlier values. 3, 6 The upper state of these bands, the D 2 ⌺ state, could interact heterogeneously with the B 2 ⌸ state, but the interaction occurs at high J levels beyond our observations.
The results for the ␦͑2,0͒ and ␦͑3,0͒ bands are presented in Table IIIe . The upper levels of C͑2͒ and C͑3͒ are homogeneously perturbed by the B͑12͒ and B͑15͒ levels, respectively. The integrated cross sections of the P 11 branch lines of the ␦͑2,0͒ and ␤͑12, 0͒ bands are plotted against JЉ in Fig. 2 . The open diamonds and circles represent the integrated cross sections of the ␦͑2,0͒ and ␤͑12, 0͒ bands, respectively. The peak intensities appear at J ϳ 10 and J ϳ 5 for the ␦͑2,0͒ and ␤͑12, 0͒ bands, respectively. These shifts from the Boltzmann population distribution come from the perturbation between the C͑2͒ and B͑12͒ levels. The sum of the branch lines of both bands is plotted as the open squares in the same figure, and this represents the normal Boltzmann population.
The integrated cross sections of the ␥͑3,0͒ band are presented in Table IIIf . These values supersede our earlier values. 4 The uncertainties in the integrated cross sections arise from noise and the errors in the measurement of path length and pressure. For the unblended strong lines, the uncertainty due to noise is estimated to be 3%-4%, and for the weaker lines it is about 10%. The larger uncertainties of weaker lines do not significantly affect the total integrated cross section of the band, because this is determined predominantly by the strong lines. The uncertainty in the total integrated cross section for the band is estimated to be about 5%.
The band oscillator strength of a ͑Ј , Љ͒ band is given by
in which Ñ ͑Љ͒ is the fractional Boltzmann population of the absorbing vibrational level-in this case since Љ= 0 this 
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quantity is unity-and the integration of the cross section ͑͒ is performed over all of the rotational lines. The total integrated cross sections of observed lines for each branch are presented as "Total" in Table III . Observations of the rotational lines are mostly limited to J ഛ 20.5. The effects from higher J lines cannot be ignored. The contribution of these higher J lines was obtained by extrapolating the cross sections up to J = 36.5 by fitting the experimental points to a Boltzmann distribution curve, as shown in Fig. 4 of Ref. 6 . The results of the extended contributions are also listed in Table III as "Extended." The total integrated cross sections and band oscillator strength of each band are presented at the bottom of each table.
The band oscillator strengths of the NO bands determined by the FTS measurements are compared with those of previous measurements in Table IV . The uncertainty in our measured band oscillator strength is estimated to be about 5%, which includes uncertainties from line intensity measurements and extrapolation. The value under FTS/PB are our published values [1] [2] [3] [4] [5] [6] without any correction on the integrated cross sections. The value under FTS/CR are the results after intensity correction. The ratio of those values should not be constants, because the ratio depends on the observed optical depth. Our values, obtained by line-by-line integration, are all for single bands. In the cases of the ␦͑0,0͒ and ␦͑1,0͒ bands, the values for ␤͑7,0͒ and ␤͑10, 0͒, respectively, should be added for comparison with other work. Bethke 14 measured integrated cross sections of pressurebroadened NO and gives a maximum error of 10% for his band oscillator strengths. His values agree well with ours, within the combined uncertainties, except for the ⑀͑1,0͒ and ␥͑3,0͒ bands. Cieslik 28 obtained the band oscillator strength by two methods, extrapolation to zero pressure and use of the curve of growth, shown in Table IV under B and C, respectively. His values agree with ours except that his values for the ⑀͑1,0͒ are larger. Guest and Lee 15 measured integrated cross sections with a resolution of 0.03 nm, but hold the optical density below 0.4. They estimate uncertainty of 40% because the transition saturates even at low pressure. Chan et al. 16 observed the NO electronic spectra by using the dipole ͑e , e͒ method of electron-impact excitation, which is free of optical instrumental function and saturation errors. However, their resolution ͑0.048 eV, 387 cm −1 , or 1.26 nm at 180 nm͒ is not high enough to separate the band structures. They claimed the uncertainties of their measurements to be 5%-10% for strong and partially resolved bands, with additional errors expected from the deconvolution. Their values agree reasonably well with ours except for the ⑀͑1,0͒ band and the last four bands in Table IV , ␤͑14, 0͒, ␦͑3,0͒, and ⑀͑3,0͒, together with ␤͑15, 0͒, for which we did not make measurements. The large difference for the ⑀͑3,0͒ band might be attributable to their deconvolution. The calculated values of Luque and Crosley 17 are also included in Table IV , but they normalized to different lifetimes for the ␥ band and the ⑀ bands. Their values for the ⑀ bands agree well with ours, including that for the ⑀͑1,0͒ band, for which the values of the other measurements are much higher.
The line oscillator strengths could in principle be deduced from the band oscillator strengths using Hönl-London factors and the Boltzmann distribution. However, most of the upper levels of the NO bands are to some extent perturbed, homogeneously or heterogeneously. Consequently, as demonstrated in Fig. 2 , the line intensities do not follow the Boltzmann distribution. This is especially the case for the strongly perturbed bands ␦͑2,0͒ and ␦͑3,0͒ and their partners. Therefore the actual measured integrated cross sections of the rotational lines become very important. The values presented here are for 295 K, but they could be applied to any other temperature by dividing by the rotational population at 295 K.
IV. SUMMARY
This is the final report of the FTS/PF work. We have presented lists of the observed line positions and the term values for all bands observed except those published previously, [1] [2] [3] [4] [5] [6] [7] together with their integrated cross sections. Line intensities for the bands in these previous publications have been corrected for instrumental effects, and the revised integrated cross sections are given here. The band oscillator strengths of all bands observed in this work are presented and compared with other published results. They are also provided after instrumental corrections. 
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